We present a systematic study of the magnetic domain wall induced modulation of superconducting transition temperature (T c ) in Nb/Ni bilayer stripes. By varying the thickness of the Ni layer from 20 nm to 100 nm we have been able to measure the low field T c -H phase diagram spanning the Néel domain wall and Bloch domain wall range of thicknesses. Micromagnetic simulations confirmed a stronger out-of-plane stray field in the Bloch domain walls compared to the Néel walls. A suppression in T c was observed in the magnetization reversal region of the Ni film, the magnitude of which followed linearly to the strength of the out-of-plane stray field due to the domain walls. The upper limit of the magnitude of domain wall stray field was roughly estimated by comparing the T c of the suppressed region of H-T c phase diagrams with the unaffected part of the H-T c curve. With Bloch domain walls a change in T c of more than 60 mK was observed which is much more compared to the earlier reports. We believe that the narrow stripe geometry of the bilayers and the transverse external field maximized the effect of the domain walls in the Ni layer on the overlying superconducting film, leading to a larger change in T c . This observation may be useful for domain wall controlled switching devices in superconducting spintronics.
1
The field of superconducting spintronics has attracted wide research interest in recent years 1, 2 . One of the reasons is the additional spin degree of freedom provided by the Cooper pairs to the spintronic devices. Since such devices inevitably contain co-functioning S and F components, new interesting phenomena such as π-phase superconductivity 3 , spin-triplet supercurrent 4 , odd-frequency pairing 5 and long-range magnetic proximity effects 6 emerge out of the natural competition between superconducting and ferromagnetic orders. These effects have been well studied in a variety of devices over the past years [7] [8] [9] [10] . In the context of superconducting spintronics, the effect of magnetization dynamics of ferromagnetic components on the superconducting components is also a very pertinent question.
Typically, magnetization reversal of one or more ferromagnetic components is the key functional aspect of spintronic devices. During the magnetization reversal process, the domain walls in ferromagnets produce stray fields which can alter the properties of a proximal superconducting layer and, therefore, may affect the overall device properties.
Prior experimental observations of the superconducting spin switch effect 11 , domain wall superconductivity 12, 13 and triplet superconductivity 4 are qualitatively consistent with theoretical predictions of F/S proximity effects involving non-uniform ferromagnets 14, 15 shape. For an in-plane applied magnetic field in a thin film, the demagnetization factor is negligible, while the volume integral provides a factor of film thickness. Therefore, we plot the demagnetization energy (E) obtained from the simulations, normalized with the film thickness. The magnitude of the demagnetizing field H d for a homogeneously magnetized thin film should be zero 35 . Since we have performed the simulations for an in-plane applied magnetic field, the demagnetizing field is expected to be ideally zero. However, we mention here that we have performed 3D OOMMF simulations in which the total thickness of the film is divided into many 2D planes, defined by the cell size (10 nm in this case) along the thickness direction. Therefore, the interaction between different planes brings in the observed demagnetization energy in Fig 2(c) , which is a reflection of the out of plane stray field. Although it is not possible to quantify the absolute value of the out-of-plane stray field in this case, a comparison of the strength of the stray fields for different thickness is possible from the plots shown in Fig 2(c) . From Fig.2(c) , it is clear that the 100 nm Ni film has a much stronger stray field (which maximizes at the coercive field) compared to the thinner films.
After establishing the existence a larger stray field in the Bloch thickness range, in Fig.3 we show the T c -H phase diagram for a patterned Nb/Ni bilayer(55nm/40nm) along with the magnetic hysteresis curve of the same bilayer. While ramping the magnetic field down from the saturation field, domain activity starts at around the field value at which the hysteresis loop opens up, as shown by the dotted lines in Fig.3 . A decrease in transition temperature with decreasing magnetic field was observed for the Nb/Ni stripes, in the range of magnetic domain activity in the Ni layer. In fact, the low-field T c was found to follow the magnetic hysteresis loop, attaining a minimum value at a field roughly matching with the coercive field of the nickel layer. On increasing the magnetic field in the opposite direction, from zero, T c again recovered to the normal value. During the magnetization reversal process, the out of plane stray field of domain walls locally affects superconductivity along the stripe 12, 36, 37 , resulting in the observed decrease in superconducting transition temperature. This decrease was maximum at the coercive field, because near the coercive field one would expect the maximum domain wall density, producing a large stray field. In the saturated state, the Ni film behaves as a single domain with minimum domain wall stray field.
In order to emphasize the change in T c , Fig.4(a) shows the normalized R-T curves at three different fields for the bilayer with 100 nm thick Ni film. T c has been defined as the temperature at 50% of the normal state resistance. Clearly, the transition at -300 Oe, which is close to the coercive field of the Ni layer in this bilayer, is lower by ∼ 64 mK compared to the transitions at fields of 1572 Oe and -1572 Oe. In Fig.4(b) , we show a comparison of the T c -H phase diagrams of patterned Nb/Ni bilayer stripes with nickel layer thicknesses of 20nm, 40nm, 80nm, and 100nm. We notice that the effect of domain wall stray field, near the low magnetic field region, is minimal in the case of 20 nm thick Ni film, which has Néel domain walls. This effect indicates a weaker out-of-plane component of the domain wall stray field, as expected for the Néel walls. We also observe that in the saturation field range the T c -H curves are BCS-like, in all cases. The suppression of T c in the domain activity regime of T c -H phase diagram can only be due to the stray field generated by the domain walls, in addition to the small external field. On the other hand, the suppression of T c at higher fields (in the saturation range of Ni films) is due to the external applied field as expected. Since the number of domains and the corresponding domain walls in the FM film follow the magnetic hysteresis loop, the average stray field is a function of applied magnetic field. In the saturation field range, the domain wall stray field becomes negligible and in the coercive field range it becomes maximum. Following Patiño et al. 38 , the field dependence of H s can be extracted from the magnetization loop as
where H s 0 , M and M s are the maximum stray field at coercive field, the magnetization, and the saturation magnetization, respectively. In Fig 4(c) we have plotted the calculated stray field using this formalism, in order to emphasize the fact that domain wall stray field is the 
